The resistive switching of amorphous Sb 2 O 5 films was examined in Sb/Sb 2 O 5 /Pt, Sb/Sb 2 O 5 /TiN(O), and Sb/Sb 2 O 5 /Sb(O) structures, which show reset powers of 0.6, 0.6, and 80 mW, and switching endurances of 250, 480, and 100 cycles, respectively. The improved endurance achieved in the Sb/Sb 2 O 5 /TiN(O) was ascribed to the appropriate supply of oxygen from the TiN(O) electrode. The reset status of the Sb/Sb 2 O 5 / Sb(O) was identical to that of the pristine state due to excessive supply of oxygen from the Sb(O) electrode. The appropriate supply oxygen from an electrode to the switching oxide is crucial to improve the resistance switching properties. # 2013 The Japan Society of Applied Physics R esistive switching (RS) in various oxide materials is attracting a great deal of attention for electronic memory [1] [2] [3] and other applications. 4, 5) Because the nonvolatile characteristics of memory devices using oxidebased RS materials fundamentally depend on the migrations of ions, higher power consumption and limitations in switching endurance and speed are general concerns. Except for cases where the cation-induced metal filaments derived from the active electrode, such as Cu and Ag, are responsible for the RS, 6) most of the switching events are closely related to the motion of oxygen vacancies (or oxygen ions).
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esistive switching (RS) in various oxide materials is attracting a great deal of attention for electronic memory [1] [2] [3] and other applications. 4, 5) Because the nonvolatile characteristics of memory devices using oxidebased RS materials fundamentally depend on the migrations of ions, higher power consumption and limitations in switching endurance and speed are general concerns. Except for cases where the cation-induced metal filaments derived from the active electrode, such as Cu and Ag, are responsible for the RS, 6) most of the switching events are closely related to the motion of oxygen vacancies (or oxygen ions). 7) Therefore, the aforementioned concerns must have a close relationship with the generation and migration of the oxygen vacancies when electrical stimuli are applied to the RS memory. Regarding this issue, Sb 2 O 5 , a pnictogen oxide, is an intriguing candidate for the RS material due to its exceptionally small oxide formation energy, 8, 9) which is accompanied by a much lower switching power than those of other binary RS oxides, such as NiO, TiO 2 , HfO 2 , and Ta 2 O 5 . More detailed discussions can be found elsewhere. 8, 9) The unipolar RS behavior (URS) of Sb 2 O 5 has been ascribed to the formation and rupture of percolated paths made of metallic Sb clusters embedded within amorphous Sb 2 O 5 , which comprises a highly insulating matrix. 8) The bipolar RS behavior (BRS) of the same material has been ascribed to the localized rupture and rejuvenation of the conducting filament (CF) of Sb clusters near the anode interface, depending on the bias polarity. 9) However, feasible RS operation of Sb 2 O 5 requires an appropriate control of oxygen loss, which has been inevitable in oxide-based RS memory. 1) Pt is a common electrode material for many RS oxides, and its use as the top electrode (TE) is detrimental to the electrical switching endurance of Sb 2 O 5 . The bonding energy between Sb and O is much lower than those of other typical RS oxides, and the melting point of Sb 2 O 5 is also exceptionally low among the oxides (see Table I of Ref. 8) . The feasible RS operation of Sb 2 O 5 using an Sb TE and Pt bottom electrode (BE) has been reported. 8, 9) The loss of oxygen from the memory cell to the environment during the URS operation was appropriately suppressed by the reduced permeation of oxygen in the Sb TE compared with that of a Pt TE. 8) Under such circumstances, the reset power involved in switching from a low-resistance state (LRS) to a highresistance state (HRS) could be as small as $0:6 mW, which is smaller than that of other RS oxides, such as TiO 2 , by two orders of magnitude with the same electrode geometry. 7, 10) Such experimental results have naturally motivated the idea of changing the BE from Pt to other materials. The progressive loss of oxygen, even with the Sb TE, by the repeated URS with the TE being positively biased, could be mitigated by using an oxygen-containing BE material. Such an effect can hardly be expected with an oxygen-free (but very oxygen-permeable) Pt BE. 8, 9) 100-nm-thick TE Sb was deposited by DC magnetron sputtering through a metal shadow mask (hole diameter of 0.3 mm). None of the Sb 2 O 5 films showed any distinctive diffraction peaks in glancing angle X-ray diffraction analysis (GAXRD; PANalytical X'Pert PRO MPD), suggesting an amorphous 8) or nanocrystalline structure. The thickness and structure of the pristine Sb 2 O 5 films were confirmed by cross-sectional transmission electron microscopy (TEM; JEOL JEM-3000F). The chemical bonding states of the films were investigated by X-ray photoelectron spectroscopy (XPS; SIGMAPROBE), where the binding energy was calibrated by setting the C 1s peak to 284.5 eV. The change in the chemical nature and composition of the films was also examined using depth profiling of the sample using Ar þ ion sputter-etching with an acceleration voltage of 2 kV in the XPS chamber, which was confirmed to be low enough so as not to alter the chemical nature of the underlying layers. 8) The RS characteristics of all the samples were measured with an HP4145A semiconductor parameter analyzer at room temperature. The resistances of HRS and LRS were measured at 0.1 V. During voltage-driven current-voltage (I-V ) sweep RS, the top electrode was biased positively while the bottom electrode was grounded. To study the nature of CF in Sb 2 O 5 after the set process, TEM specimens were prepared using a focused ion beam (FIB; SII Nanotechnology SMI 3050 SE). In contrast, SSS shows a slightly lower electroforming voltage of $6:6 V, but the subsequent URS induced an almost identical set voltage (6.4-6.7 V), as can be seen more clearly in the inset graph in Fig. 1(b) . The set state resistance (R set ) of SSP and SST remained at $10 4 , while that of SSS is $10 2 {10 3 . The reset state resistances (R reset ) of SSP and SST are quite scattered between 10 6 and 10 9 during the repeated URS operation, but that of SSS is much more uniform, having slightly decreased from 2 Â 10 9 to 5 Â 10 8 with repeated switching for up to 100 RS cycles. The endurance was also very dependent on the types of BE. SSP and SST show switching endurances over $250 and $480 cycles, but, surprisingly, SSS shows an endurance of only $100 RS cycles. Endurance of large sized test sample is always much lower than that of integrated samples sometimes with passivation layers. This is due to the high probability of forming catastrophic local spots in a large sized electrode, of which probability must be much smaller in integrated devices with much smaller size. Therefore, the endurance results in the present work cannot be compared with other reports with much smaller electrode area in integrated structures. Another critical difference between SSP, SST, and SSS is the largely different reset current (I reset $ 0:3 mA for SSP and SST, $20 mA for SSS) for the given compliance current (I comp ) of 0.1 mA. These results suggest that the only merits of SSS are the large R reset =R set ratio ($10 6 ) and uniformity of R reset and R set values. SSP has the lowest R reset =R set ratio ($10
2 ), and SST has a slightly higher value ($10 3 ). These results suggest that what occurs during the repeated URS cycles is similar in SSP and SST, but quite distinctive in SSS. The switching behaviors in SSP and SST represent typical URS properties of binary oxides mediated by laterally and vertically localized filament formation and rupture, 8) where the CFs that formed during the electroforming have different strengths along their length in the film thickness direction. It was indeed confirmed that the CFs in this RS oxide were composed of percolated Sb clusters with strength weaker near the anode interface, so that the vertically localized switching occurs near the anode, 9) which shares aspects in common with n-type TiO 2 .
10) The relatively high R set values of SSP and SST imply that the CFs are generally weaker in these samples, which is accompanied by the small I reset and reset voltage (V reset $ 1:0{1:5 V). In contrast, SSS shows quite distinctive URS behaviors, which have not been usually observed with other RS binary oxides. The similar set (V set ) and forming voltages, and the similarly quite low current levels of the reset state to that of the pristine state, suggest that the electrical status of SSS returns to the pristine state by the reset operation. The high V set with the given I comp (0.1 mA) of SSS imparts high power during the set step, making the CF much stronger and the accompanying I reset and V reset much higher than those of the other two samples. In order to understand the peculiar behaviors of SSS compared with the others, the chemical structure and microstructure were examined by XPS and TEM, respectively.
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Number of cycles show the core level spectra of the Sb, Ti, and N of SST, respectively. No Sb was found in the Pt and TiN BEs, and no elements other than Sb and O were found in Sb 2 O 5 , suggesting that cations in the BE did not diffuse into the RS oxide layer. The Sb TE has a rather high concentration of oxygen ($25% by AES) due to the residual oxygen in the sputtering chamber. The Sb BE of SSS also shows a significant oxidized Sb peak intensity that is slightly higher than those in the Sb TE. This suggests that the BE Sb is slightly more oxidized during the reactive sputtering of Sb 2 O 5 on top ($30%, as determined from the relative XPS peak intensity ratio). The TiN BE also contains a substantial concentration of oxygen ($15% by AES). It was noted that the oxygen concentration in TiN before the reactive sputtering of Sb 2 O 5 on top was also $15% (by AES), suggesting that further oxidation of the TiN BE was not significant in the SST case. Such an incorporation of oxygen in the BE is expected to enhance the switching endurance during the URS with positive bias being applied to the TE. However, this was only the case for TiN, not for Sb, as shown in Fig. 1 .
The XPS spectra of the Sb 2 O 5 layer of all three samples contain nonnegligible intensity near the binding energy of $538 eV, suggesting that metallic Sb clusters are already formed in the pristine state. The low leakage current before the electroforming, shown in Fig. 1 , suggests that these Sb clusters are not percolated yet at this stage. It is notable that the metallic Sb signal in the Sb 2 O 5 layer is higher near the TE interface for SSP and SST, but it was higher near the BE interface for SSS. The metallic Sb intensity near the TE interface in SSS is comparable to those of the other two samples, suggesting that the chemical interaction (diffusion of oxygen into the Sb BE layer) already occurs during the sputtering process of the Sb 2 O 5 layer, in addition to the interaction with the Sb TE, which must occur after the deposition of the Sb 2 O 5 film is finished. This was confirmed by the cross-sectional TEM of pristine SSS, as shown in Fig. 3 Sb-clusters Sb(012) and Sb(024), respectively. Extensive TEM examination revealed that such clusters are more easily found near the BE interface, which supports the XPS results in Fig. 2(c) . The chemical and structural information shown in Figs. 2 and 3 suggest that the following are occurring during the URS operation of the samples. In all three samples, Sb clusters are already present in the as-fabricated state, so that the electroforming or set switching basically corresponds to the percolation of these Sb clusters by losing some oxygen atoms from Sb 2 O 5 between the Sb clusters by the applied bias with the help of Joule heating.
8) The reset of the samples may correspond to the reoxidation of the percolated Sb clusters (or CFs) near the TE interface (anode), while the loss of oxygen through the TE was appropriately blocked by the Sb TE. In contrast, the higher initial Sb cluster density of SSS makes the leakage current higher in the pristine state, and reduces the forming voltage. It can be expected that the supply of oxygen from the Sb(O) BE to the Sb 2 O 5 film must be as large as the loss of oxygen from the Sb 2 O 5 film during the repeated URS. Therefore, it can be understood that the reset operation almost recovers the pristine state of SSS, making I set and V set identical to that of electroforming. Considering that the URS in these samples is a sort of oxygen pumping from the BE side to the TE side, the high power consumption during the set and reset accelerates the drift of oxygen atoms, which eventually results in the inferior endurance of SSS compared with other samples. On the other hand, the almost complete rupture (or resetting to the initially insulating state) of the CFs in SSS would make the R reset more uniform compared with the other two samples, where large variations in the degree of localized rupture of CFs can be easily expected, which is actually the case in Fig. 1 .
In summary, the URS behaviors of the Sb 2 O 5 film with Pt, Sb(O), and TiN(O) bottom electrodes and a common Sb(O) top electrode have been examined. The SSP, SSS, and SST samples show typical URS behavior. The improved endurance was achieved in SST, which is ascribed to the appropriate supply of oxygen from the TiN(O) electrode to the Sb 2 O 5 film, or conducting filaments comprising Sb clusters. In contrast, an excessive supply of oxygen from the Sb(O) electrode during the repeated switching makes the reset status of SSS identical to that of the pristine state. This substantially improves the switching uniformity, but eliminates the merit of low switching power and high switching endurance. However, it needs to be reminded that any direct and accurate comparison between the power consumptions with different electrodes even with same switching material is almost impractical as the precise area of switching region can hardly be estimated. This must be the case even with a much smaller electrode area. Even for electrode with several tens of nm, the actual switching area could be smaller than the electrode area. Therefore, only apparent comparison with comparable electrode area is the only viable method to discuss the power dissipation issue at the moment. This is a purely engineering argument not based on any rigorous physical interpretation. It is therefore concluded that the appropriate, albeit qualitative, supply of oxygen from an electrode to the switching binary oxide is crucial to increase the switching endurance. 11, 12) This is in line with a recent finding that an excessive supply (or diffusion) of oxygen from an RuO 2 electrode layer to a TiO 2 switching layer adversely interferes with the fluent URS of TiO 2 .
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